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Introduction
In the field of thermal, atomic and molecular collision physics, metastable rare gas atoms Rg* are often used as a collision partner. They are interesting because of their high excitation energies, ranging from 8.3 eV for Xe* to around 20eV for He*, which enables many different excitation transfer and ionization processes to occur [I-31 . Further reasons for their use are their long lifetimes and ease of production from a technical point of view, their relative theoretical simplicity, and especially their practical importance, e.g. in gas discharges and laser media [4] .
In addition, the interaction of metastable rare gas atoms with surfaces has become an important subject of investigation in the past decades. Electron ejection by impact of slow rare gas ions or metastable rare gas atoms on a surface has been known for some time [ S , 61 and several efforts have been made to determine the electron emission yield y quantitatively [7-131, i .e. the number of ejected electrons per incident atom Rg*. Recent electron spectroscopic research clearly showed that there are two different de-excitation mechanisms involved [ 14-1 61. (i) Resonance ionization (RI), followed by Auger neutralization (AN) (figure I@)), is the dominant process at clean metal surfaces with a sufficiently high work function, In the first step, RI occurs if the excited t Present address: Fysisk Laboratorium, HC Orsted Institutet, 2100
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0957-0233/92/050544+08 $04.50 Q 1992 IOP Publishing Ltd state of the atom is in resonance with an unfilled state of the solid above the Fermi level. The energetic condition for the subsequent AN process, in which two electrons of the metal are involved, is that the effective recombination energy E , of the ion towards the ground state atom is at least twice the work function @, (ii) If there is no unoccupied energy level present in the metal which is in resonance with the incoming electron (e.g. when the work function of the metal is too low, or in the case of a band gap) the de-excitation process occurs via Auger de-excitation (AD) (figure I@)). In the case of a heavier metastable rare gas atom Rg*[mps(m + I)s] a valence electron of the metal fills the hole in the mp shell and the excited electron in the (m + 1) shell is ejected with a kinetic energy 3 E" -Q, where E* is the effective excitation energy of Rg* near the surface. It can differ from the atomic value (called E L ) due to image force induced level shifts of the atomic energy levels [17-193. (iii) At adsorbate covered surfaces, the AD process dominates and can be interpreted as Penning ionization (PI) of adsorbed molecules by Rg* [15,20, Zl] ( figure I(c) ). The interaction of metastable rare gas atoms with surfaces has been found to be very sensitive to the outermost surface layer and, therefore, to chemisorption processes [20-231. We note that an especially clear atomic example of the 'surface sensitivity' of Penning ionization has been found in the system He*(23S)+ Yb [24] for which ionization from the 4f shell in Yb is strongly suppressed relative to that from the 6s shell.
Yields for electron emission from surfaces bv Ar' and Kr' The electron emission from metal surfaces due to Rg* impact has been used frequently in atomic collision experiments to monitor the metastable atom flux. Absolute fluxes, however, can only he determined with knowledge of the electron emission coefficient y . With this application in mind, we have developed a method for accurate determination of the electron emission coefficients y of conducting surfaces by the impact of metastable atoms [25] . The method is based on partial, controlled depletion of a metastable beam by means of photo-ionization. We measure both the number of metastable atoms that have been ionized (the photoelectron current Ip) and the change of the current at the metastable detector surface caused by this partial depletion AIs. Then, y is simply the ratio AIs/Ip. This technique makes an accurate in situ determination of the metastable atom flux possible, which is necessary for the determination of absolute cross sections for reactions involving metastable rare gas atoms. In previous experiments we found a strong dependence of the y values on the specific rare gas, commonly interpreted as being a dependence on the excitation energy. Using different materials as metastable atom detectors we also found y to be dependent on the surface material and on its preparation. This dependence was strongest for Kr* impact, still important for Ar* impact, but weak for Ne* and He* impact which have excitation energies of 16.7 eV and around 20 eV respectively [25] .
These observations motivated us t o investigate further the dependence of the electron yield on the excitation energy E*. For this purpose we have extended the method of y determination to Ar*(4p 3D,) and Kr*(5p 3D3), thereby increasing the excitation energy E*, by about 1.5 eV. These experiments allowed us to test the idea of a 'universal y curve' suggested by Borst [26] , who postulated that the y values for the impact of different metastable atoms and slow ions on a gas covered CuBe surface depend only on the excitation energy. His y-E* curve increases slowly at energies above 12eV and drops off more and more rapidly towards small energies. According to this idea one would not expect a significant difference between y ( A I * (~P~) ) and y (Kr*(3D3)), since the excitation energies of Ar*('PP,) and Kr*(3D3) are almost equal (E*,(Ar*(3P2)) = 11.548eV, E*,(Kr*(3D3))= 11.443 eV) [27, 281. Our results show that the idea of a 'universal curve' is too simple. Furthermore, they show that RI + AN as a de-excitation mechanism does not play a role under our experimental conditions as one would expect for gas covered surfaces.
To our knowledge the present experiment is the first systematic investigation of the dependence of the electron emission from metal surfaces on the internal energy of the incoming rare gas atom. We note that Auschwitz and Lacmann 1291 have studied the dependence of surface ionization on electronic excitation by comparing the ion yields for Na(3s) and laser excited Na(3p). Ionization of laser excited Rydberg atoms at surfaces has been studied by several groups, e.g. Gray et al [30] .
Experimental set-up and method
Our method for the determination of the electron emission coefficient y is based on photoionization-depletion of the metastable atom flux; it is straightforward and direct. y is simply the ratio of the reduction in current AIs at the metastable atom surface detector and the photoelectron current I,.
Guided by figure 2, the idea of the method will be explained. Since the experimental set-up has already been described in detail 1251, we concentrate on aspects important for the extended experiment with laser excitation in front of the detector surface. The metastable atoms Rg*(3P2,,) were produced in a differentially pumped cold cathode DC discharge [31-331. They accounted for only a small fraction of the beam compared with the ground state atoms (about The beam had a supersonic character with a relative velocity width of about 30% full width at half-maximum (FWHM) and an average kinetic energy of ( E ) c 60 meV, so that the ground state atoms were not able to eject electrons. The flux ratio of the two metastable components Rg*(ms 3P2)/Rg*(ms 3Pn) in the beam is known from other optical pumping experiments [31,34] (6.3 for Ar* and 10. 4 for Kr* 134,351). In addition, the beam contained a background of vuv resonance photons. Only the two metastable species and these w v photons were able to eject electrons from the detector surface. (Note that there was no significant number of fast neutrals, ions or electrons in the beam.)
The metastable detector consisted of a conducting surface, electrically connected to a sensitive current meter, and a surrounding cup at a positive potential (30 V) such that complete collection of the ejected electrons was achieved. For the purpose of laser excitation in front of the surface we tilted the surface by Io" from the normal (figure 3). Two opposite holes in the electron collecting cup of the detector allowed the laser beam to graze the surface. The metastable atom beam had a cross section of 2.5 mm (vertical) x 5 mm (horizontal) at the surface. The surface interaction zone was completely covered by the laser beam (approximate diameter = 6 mm), propagating in the horizontal plane.
Three of these metastable detectors were mounted on a rotatable plate so that three different detector materials could be placed on the beam axis one after the other. Due to a calibrated rotary feedthrough, the detector area hit by the beam could be re-adjusted. The 546 possibility of a fast comparison between different materials is very important, especially for Ar* and Kr' with their relatively low excitation energies, because the emission coefficient varies strongly with the surface conditions [25] . The detector surfaces could be heated by radiation, but only up to about 360 K. The emission coefficients yheatsd reported in this paper were measured after the surfaces had cooled down again. This mild temperature increase already had an important, in some cases even drastic, effect on the emission coefficients, as we will shown in section 4.
To explain the principle of the experiment let us first assume that both shutters (figure 2) are closed, i.e. there is no excitation in front of the surface and no ionization in the photo-ionization region, The positive current ISN, measured at the detector surface without laser excitation, is the sum of three parts (index 2 denoting Rg*('P2), 
In excitation system), from where ionization occurs with an intense Ar ion laser running intracavity (laser 2, AI: 2, YaE = 458. I nm, Kr: A, Yile = 476.6 nm). A depletion of 5-10% was typically achieved. The ionization process has been described in more detail previously [25] . Laser 1 causes a deflection of the metastable beam; therefore we only used laser 2 to switch the ionization process (i.e. open and close shutter 2) in order to avoid interaction of the metastable atom beam with different surface areas. The switching of laser 2 had the disadvantage that the laser power was larger in the first seconds after the opening of the shutter (see figure 7 of 1251).
We checked carefully, by means of trajectory calculations, that the electrons produced in the photoionization process and accelerated in a homogeneous electric field were all collected in a Faraday cup. The photoelectron current I , gives the flux depletion
The background in I , without laser 2 is negligible. By measuring the surface current with and without the ionizing laser (IsN and I&) , as well as the photoelectron current I,, we obtain the emission coefficient for Rg*(' P2) atoms
ISN -
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For excitation of the ('P,) atoms in front of the detector surface we used the same laser beam as for the excitation in the photo-ionization region, as can be seen in figure 2 . The geometry is shown in figure 3 . Most of the laser beam was reflected by the surface. The slice of the beam passing the surface'was detected with a power meter to monitor the irradiance E , of the exciting laser during the measurement. The travelling length of the ('DD3) excited atoms (I5 pm for Ar*, 11 I m for Kr* during their respective natural lifetimes), the angle bctween surface and laser beam, and the flatness of the surface (roughness better than 0.05 pm), together ensured that the atoms could reach the surface with their increased excitation energy. The reflected laser beam was also able to excite the metastable atoms, although at different, Doppler-shifted and broadened frequencies. This effect served as an additional check on the geometry. We note that the laser never had any effect on the ejected electron current, when run on frequencies sufficiently far from resonance. A complication of the method is that the excitation process polarizes the atoms-not only the Rg*('D3) state, but also the Rg*('P,) metastable state.
Without excitation in front of the surface, the ('P2) atoms lose their polarization, induced in the photoionization region, on their way to the detector: the corresponding flight time is about 1000 times longer than the Larmor precession time in the Earth's magnetic field and the 30% velocity width of the beam therefore completely scrambles the polarization. The polarization problem will be discussed in section 4.
The surface current I,,, observed with laser excitation at the detector surface (shutter I open, shutter 2 closed), can be written as (subscript 3 denoting Rg*(' D3))
where aF, is the flux of the laser excited ('DD3) atoms. The excitation ratio a, which is the ratio of the density in the excited state ('Do;) to the density in the ('P2) state before excitation, can be computed using the Einstein coefficient for spontaneous emission A, thc laser irradiance E , and the wavelength Al. For excitation with linearly polarized light we find for our J = 2 u J = 3 system [36]
with the spectral volume density 4 P".=ZE'
for a monochromatic laser, and the ratio between the Einstein coefficients A and B (for absorption and induced emission)
With a typical irradiance of 20 mW cm-a t the detector surface we achieved a = 44% both for AI* and Kr*.
With shutters 1 and 2 open the ionization leads to a decrease in current
and we obtain the emission coefficient y, for impact of ('D,) atoms as Recording the surface current I , at the four possible shutter positions (I,,, ISN, I,,, liE) , the photoelectron current I , and using the excitation ratio a computed from the irradiance of laser 1 at the detector surface, we find y2 and y 3 . The fully automated measurement procedure will be explained in the next section. With knowledge of I,,, I;,, I,,, I&, and I , the absolute flux of metastable (,P2) atoms can be calculated as This flux determination is not accurate when the dimerences in currents are small. However, it served as an additional check on the experimental circumstances and as an alternative to the more accurate flux determination 
Measurement procedure
The whole measurement procedure was computer controlled. A special-purpose program stabilized laser 1 for the excitation to (,D3) by maximizing the electron 548 current I,, opened and closed the two shutters, plotted the measured data (I,, I ,, E , ) as a function of time, and calculated from these data y 2 and y3 with their errors. Furthermore, it performed many additional checks and stability tests. The two currents I , and lp were measured with identical current meters (Keithley 610C) which produce an accurate analogue output voltage. By interchanging the two current meters we excluded possible calibration errors. The voltages were converted by a analogue-digital converter (ADC) with 12-bit resolution. The stability of the current meters were better than this resolution.
The measurement procedure can best be explained by foilowing one cycle of the measurement. One cycle consisted of the four shutter positions (shutter 1 for the exciting laser in front of the surface, shutter 2 for the Ar ion laser, 0 is open, C is closed): 00 with la, and I,, CO with IiN and I,, oc with I,,, and cc with lSN. This sequence had the advantage that the Ar ion laser had to be switched only once per cycle. Each cycle started with the frequency optimization of laser 1. The laser was tuned to that frequency at which the signal I , was maximum. Then the program relied on the intrinsic frequency stabilization of the laser until the end of the cycle. Afterwards I , was measured again and compared with its (optimized) value at the beginning of the cycle. If the difference was larger than a certain user-defined value, it was assumed that the laser frequency had not been stable enough and the whole cycle was rejected. This was the casc in about 1O0/u of the cycles (for I , variations > 4%).
At each specific shutter combination the three signals I,, I,, and E , were sampled several times, performing statistical tests on the values. After switching on the Ar ion laser, a considerable delay time was built in to assure stable conditions. After each cycle, y2 and y, with their statistical errors were computed and plotted. The errors in y2 and y 3 were caused by statistical errors in the values for I s and I,. During the measurement, the excitation ratio a was assumed to be 'error free', because its error is systematic rather than statistical. The estimated error in OL is based on the inaccuracy in the calibration of the laser irradiance and the spatial inhomogeneity of the laser beam. All values of a scattered closely around 44%, and we assume a systematic error of (-4, +2)%.
Results and discussion
The method described provides accurate electron emission coefficients for the impact of Rg*('P2) and Rg*(,D,) atoms. The apparatus enables a fast change back and forth from Ar* to Kr* metastables, giving us the possibility to measure the results for Ar*(3P2), Ar*('D,), Kr*(3P2), and Kr*(,D3) under almost identical surface conditions. Such a series of results for y has been obtained for five different materials a t room temperature, both before and directly after heating to 360 K.
As detector materials we used polished stainless steel, We observe a clear difference between y,(Ar) and y,(Kr) (see table 1 and figure 4). The former is larger by Table 1 . y values for the live surface materials used. For each material all eight values for impact of Ar'(3D,), Ar'(3P,), Kr'(3D,). and Kr'(3P,) before and after heating are mutually comparable, i.e. they have been measured at the same spot of material and within a short time interval. The errors in the individual measurements of they values (typically < l % for y 2 . <3% for y 3 , also see text) are normally negligible in comparison to elfects due to the variation of adsorbate types and concentrations. -a factor 1.5-3, although the excitation energies E*, differ only by 0.1 1 eV. This shows that the idea of Borst [26] of a 'universaP y curve, dependent only on excitation energy, is too simple, although it can be stated that in electron emission from typical adsorbate covered surfaces the yield y tends to increase with the excitation energy, e.g. in going from metastable Kr* to He* atoms 1251.
The difference between yt and y 3 , observed for both Ar* and Kr* and fur all surfaces, clearly shows that the de-excitation mechanism is definitely not resonance ionization plus Auger neutralization, since in this mechanism the energy of the excited level does not play a role as long as the energy of the excited electron is degenerate with unoccupied levels in the surface.
In our measurements we find upper limits for y of about 30% for Ar* and 16% for Kr*. These yields are smaller than those observed for Ne* and He* (y 2 30%) [l2,25] under similar conditions. As discussed previously [25] , the yield y reflects the interplay between the excitation energy of Rg*, the effective ionization energy of the adsorbate, and the competition between Rg* de-activation processes with or without electron emission (i.e. ionization versus dissociative reactions).
Two interesting trends are illustrated in figure 5 . In figure 5(a) the dependence of the ratio y 3 / y 2 on y 2 is shown, both for Ar* and for Kr*. In figure 5(b) the dependence of yhsalcd/y on y is shown, for y2 as well as for y,, again both for Ar* and Kr*. Both graphs clearly show the same trend: with a large initial y ( y 2 for figure 5(a), y2 or y , for (b) ), neither the increase of internal energy by about 1.5eV nor heating of the surface enlarged the initial y value significantly. However, both processes were very effective in increasing y as the initial y was smaller. Figure 5(a) even seems to indicate a third zone where, in the case of Kr, the initial y2 was so small that even an increase of internal energy by about 1.5 eV could not raise this value much. The AI measurements do not show this behaviour; this indicates that not only the internal energy increase of about 1.5 eV is important for the ratio y 3 / y 2 , but also the absolute value of the internal energy itself, which of course is largest for Ar*(4p 3D,) . A possible explanation for this 'low initial y' behaviour is substantial adsorption of water molecules on some of the surfaces, causing a very low y2. These molecules, with an ionization potential of 12.619(l)eV [37] for free molecules, can only he ionized by Ar* (3 D,) . Therefore, the extra internal energy would hardly improve y in the case of Kr, whereas in the Ar case this internal energy increase makes ionization of the adsorbed water possible, lcading to thc observed large increase in y. The increase of all small initial y values after the heating process is also compatible with these ideas, because the heating removes adsorbed water from the surface to some extent, and this should raise the y values, especially in cases of severe contamination with water. Somewhat surprisingly, the deliberate contamination of the vacuum with a considerable amount of water did not have a measurable influence on the y values. Contamination with reactive gases such as NH, and SF,CI had a very small decreasing effect on y2 and y,. The corresponding changes in the ratio y 3 / y 2 were compatible with the curve shown in figure 5(a) , hut the effects were at the edge of statistical significance. As indicated in section 2 our method for the evaluation of y, relies on the independence of y 2 of the polarization of laser I at the surface. This assumption could not he verified directly. However, we performed several polarization dependence measurements of y,. There appeared to be no significant polarization effect, justifying our assumption. In Penning ionization processes involving (laser) excited rare gas atoms, significant polarization dependences have frequently been observed for reactions with free target atoms [32,38-401, whereas ionization of free (un-oriented) molecules only yields small or negligible polarization effects [38]. Consequently, electron emission from adsorbed molecules is not expected t o exhibit a clear variation with polariz-ation under our surface conditions; it would be interesting to look for polarization effects in electronemission from aligned molecules at surfaces. In the gas phase, the first such results were reported by De Vries et af 1411. 
Conclusions
We have developed a method using laser excitation of metastable rare gas atoms at a surface t o perform simultaneously accurate measurements of the electron emission coefficients y for two different excited states of Ar or Kr, enabling us to observe the dependence of y on the excitation energy in a direct way. We found for our gas covered surfaces an excitation energy dependence in conflict with the simple relation suggested by Borst [26] .
This new method is a promising tool for investigations of the interaction mechanisms of excited rare gas atoms at atomically clean surfaces, allowing one to distinguish between different processes leading to electron emission. With some care the method can even be extended to compare the y values of several excited states of the same atom.
As outlined before 1251, we intend to use our absolute y determination method for absolute calibration of the metastable flux, enabling us to measure absolute cross sections for ionizing atomic collisions. , I
